Abstract This paper expands our understanding of water manager's climate information (CI) use and of the effectiveness of interactive research efforts in improving use by quantitatively measuring usability both within and outside the interactive research model. Using a mixed method approach (i.e., interviews and surveys), data was collected across five states and hundreds of water managers to understand the production of CI by scientists at two Regional Integrated Sciences and Assessments (RISAs) employing an interactive approach and the use of that information by water managers in the corresponding RISA regions. This study finds that RISAs are effective in three important ways: first, in co-producing usable information and achieving a high rate of information use among RISA clients; second, in overcoming barriers to information use arising from negative perceptions about the usability and reliability of CI; and, finally, in fostering innovation. RISA information use is contingent on sustained scientist-client interaction and is enabled by users' willingness and capacity making RISAs most effective in reaching the largest, most capable users. These users and those who use CI from other sources do so as a strategy to manage risk. This research suggests areas for enhancing RISA CI uptake: structuring RISAs as consortia, cultivating relationships with knowledge brokers and capitalizing on existing knowledge networks, and increasing public education and outreach. Beyond the interactive research models, findings suggest CI uptake may be enhanced by building capabilities for long-term water planning at water systems and bolstering public science citizenship and climate literacy.
already scarce supplies. In these contexts, our success in reducing societal vulnerabilities to climate variability and change critically depends upon our ability to bridge the gap between climate science and its application in water management. Unfortunately, even while the availability of information steadily increases, water managers' use of climate information has lagged (NRC 2008) . Climate information includes but is not limited to paleoclimate data; means, extremes, and interpretation of instrumental climate data; seasonal climate forecasts; and, projections of global and regional climate change (Anderson et al. 2009 ).
In this paper, I explore why this gap between production and use of climate information persists despite continued efforts to improve uptake. By quantitatively evaluating different models of information production and assessing use across contexts, this paper critically improves our understanding of the processes and factors that facilitate climate information dissemination, communication, and use among water managers and illuminates strategies to improve uptake.
A robust body of research has revealed barriers to climate information use such as perceived poor reliability/accuracy, prior negative experience using information (for example, see Callahan et al. 1999; Lemos 2008) , and having forecasts in the wrong format or not available at the right time (Pulwarty and Redmond 1997) . These findings have helped producers of climate information improve information products. Despite these improvements, uptake remained stubbornly low until evidence emerged showing how interactive research models (IRMs) that cultivate relationships between scientists producing climate information and potential information users enhanced rates of information uptake (Lemos and Morehouse 2005) . Early success in these efforts spurred calls for their expansion (CCSP 2008; NRC 2008) . While IRMs hold promise, these calls are predicated on evidence from few, mostly qualitative case studies. In fact, we do not yet fully understand what drives water managers' use of climate information in general and that produced via IRM in particular. Nor, do we know if there are limits to uptake via IRM (e.g., across large regions or among small and large water systems).
In this paper, I address the need to expand our understanding of water managers' information use and of the effectiveness of IRMs in improving use by quantitatively measuring usability across different contexts-both within and outside IRMs. I use a mixed method approach (i.e., interviews and surveys) to collect data across five states and hundreds of water managers at Community Water Systems 1 (CWS) to understand the production of climate information by scientists at two Regional Integrated Sciences and Assessments (RISAs) that employ interactive approaches and the use of that information by water managers in the corresponding RISA regions, the Pacific Northwest (PNW) and the Southwest (SW) United States. The research design allowed for empirically testing how interaction and boundary spanning activities affect information use among water managers who work with RISAs and CWS managers who do not. Furthermore, the design permitted a comparative analysis of factors that promote or constrain RISA and other climate information use.
Climate information and water management
Traditionally, water management decisions have been knowledge-heavy; that is, water managers routinely bring data and information about water availability and demands to bear on decisions they make. For example, short-term weather forecasts together with real-time monitoring systems for surface and groundwater flows and levels are routinely used by water managers for daily and near-term operational decisions (CCSP 2008) . However, there is much less use of seasonal and interannual forecasts and climate change projections to inform decisions with longer time horizons (for examples of successful application see, Abtew and Trimble 2010; Feldman and Ingram 2009; IPCC 2007; Rice et al. 2009; Steinman et al. 2002; Vedwan et al. 2008) .
Instead, a robust literature points to lack of use or very limited use of climate information for decision-making with various reasons for it. For relatively low rates of climate change projections in particular, Lemos and Rood (2010) point to the difficult character of climate change as a problem. The barriers to seasonal forecast information use are more contextual. For example, in their evaluation of the use of seasonal to interannual forecasts and observational data CCSP (2008) concluded that "use of climate information by decision-makers is constrained by a politically fragmented environment…and multiple spatial and temporal frames for decisions" (p. 70). Beyond these issues, context ("where information is used") and intrinsic ("conditions shaping the production of information") factors influence usability (Dilling and Lemos 2011, p. 682) . For example, at the water manager level, Rayner et al. (2005) found the conservative nature of water management means water managers tend to resist using new sources of information including climate information in their decisionmaking. Table 1 summarizes this robust literature.
Improving information use with IRMs
In practical and normative ways, findings from the empirical research on climate information use have yielded a number of recommendations on how to enhance the production and use of this information. These include new interactive research approaches to assist in the communication and translation of climate information to the water sector (CCSP 2008) . These approaches often entail the development of boundary organizations that engage in boundary work (i.e., communication, mediation and translation efforts) between actors from the policy and science realms (e.g., climate scientists and water managers) (Guston 2001; Feldman and Ingram 2009; McNie 2008; Sarewitz and Pielke 2007) . By engaging in boundary work, boundary organizations facilitate effective interaction between scientists and decision-makers that enhances the transformation of information into more useful and usable forms (Cash 2001; Cash et al. 2003; Guston 2000; Lemos and Morehouse 2005) .
Creating usable climate information: the RISA program
Recognizing the potential of IRMs to improve climate information uptake and fueled by a user-oriented mission stymied by low rates of information uptake, the National Oceanic and Atmospheric Administration (NOAA) established the RISA Program (Simpson 2009). Currently, there are 11 RISA's nationally as shown in Fig. 1 .
The IRM RISAs employ relies on two interrelated components: 1) boundary workcommunication, mediation and translation efforts by scientists to diminish barriers to information use (Cash et al. 2006; Feldman and Ingram 2009) , and 2) iterativity between RISA scientists and their clients to improve the usability of information (Lemos and Morehouse 2005) . These efforts help shape decision-relevant research programs and aid in forming and maintaining a dedicated user network to smooth information uptake (Anderson et al. 2009; Pulwarty et al. 2009 ).
An emerging body of case study research has begun to evaluate RISA effectiveness with varying definitions and measures of success. This research suggests RISAs are successful at translating climate science to decision contexts because they facilitate effective two-way communication; co-produce user driven knowledge; produce credible, salient, and legitimate information; and, are stable and long-term (Feldman and Ingram 2009; Feldman et al. 2008; McNie 2008; Rice et al. 2009 ). Through long-standing client networks, RISAs continually identify, develop, and refine information to meet user needs (Anderson et al. 2009; Feldman and Ingram 2009) and overcome barriers to information use (Rice et al. 2009 ). These findings indicate IRMs show promise for increasing climate information use. Under the right circumstances and with sufficient interaction, water managers can and do use climate information to enhance decision-making (Feldman and Ingram 2009; Lemos and Morehouse 2005; Rice et al. 2009; Snover et al. 2003) . However, despite these clearly positive signs, there is little hard evidence supporting rapid expansion of IRM beyond the specific qualitative case studies referenced above. Caution is warranted because we do not yet fully understand the mechanisms that drive water managers' use of climate information in general and IRM (e.g., RISA) information in particular. Additionally, we do not know if there are limits to climate information diffusion using these new approaches (e.g., rates of uptake across large regions or for large and small water systems) and what, if anything, we may be losing by investing in these over other information production and dissemination approaches.
Research methodology 2
This paper critically expands our understanding of RISAs, producer-user interactions, and the uptake of climate information. I used a mixed method approach (i.e., interviews and 2 More detailed information about RISA selection, data collection (protocol and survey development, testing, and administration), and data analysis is available upon request. surveys) to collect data across five states 3 and hundreds of water managers to understand the production of climate information by scientists at two RISAs (the Climate Impacts Group 4 (CIG) and the Climate Assessment for the Southwest (CLIMAS)) and the use of that information by water managers in the corresponding RISA regions. The research design allowed for empirically testing how interaction and other aspects of boundary work affect information use among RISA clients 5 (hereafter clients) and non-clients 6 and analysis of factors that promote and constrain information use among the broader population of water managers across the two regions.
In total, nine semi-structured interviews were conducted with RISA scientists (hereafter scientists) and program managers during 2008. In addition, thirty-eight key informant interviews with water managers (clients) from the PNW and the SW were conducted during the winter and summer of 2009. Interview transcripts were coded and analyzed using NVivo (QSR International software 8.0). Finally, a survey was administered to 2,645 water managers at CWS (EPA 2002) across the two RISA regions from March to April 2009. The survey used a mix of open-and close-ended questions to identify characteristics of the water supply system (i.e., size, water source), major concerns (i.e., experience with drought, water quality issues, endangered species concerns), and specific water management tasks (i.e., planning) that convey behavioral patterns or characteristics associated with information use. Survey data were analyzed using SPSS (SPSS Statistical software 17.0).
Results

What drives climate information use by RISA clients?
Most clients revealed they used climate information such as climate change projections (CIG clients), tree ring reconstructions (CLIMAS clients), and climate forecasts (CIG and CLIMAS clients). Water managers' perception of water resources vulnerability and their commitment to provide reliable water supplies were important motivators for RISA information use.
However, without exception, the production and use of RISA information was strongly correlated with the establishment of long-term, interactive relationships. These relationships contributed to the development of trust between scientists and water managers and facilitated the co-production of relevant and usable information. Sustained scientist-client relationships helped water managers cope with longer lead times needed to obtain RISA information tailored to the client's particular needs. Moreover, these relationships helped alleviate water managers' negative perceptions about climate information (e.g., information perceived to be too uncertain or unreliable) by making the scientific process more transparent. In contrast, for those not using RISA climate information, lower frequency interaction and one-way 3 The states are Arizona, New Mexico, Washington, Oregon, and Idaho. 4 CIG is in the PNW. While the work of the Climate Impacts Group continues, the program at the University of Washington did not receive funding to continue hosting the PNW RISA. Instead, in 2010 funding was awarded to a new host site the Climate Impacts Research Consortium (CIRC) at Oregon State University (CIRC 2010). 5 These are water managers identified as clients by the RISAs themselves who are involved in information coproduction. 6 Non-clients are water managers at CWS who do not identify as RISA collaborators. Of the 660 7 CWS managers surveyed, 44 (6.7 %) used RISA climate information. When controlling for other variables, the most important predictors were collaboration, proximity to the RISA, information seeking behavior, perceived vulnerability of water supplies, and population served explaining 48 % of the variance in information use (for complete regression results see Online Resources 1 and 2).
Data showed water managers using RISA information collaborated more with universities and were on average 35 miles closer to the RISA than those who did not use RISA information. They also sought information at higher rates (1.7:1), were more likely to have experienced droughts or to indicate concern about climate change impacts on water availability, and were more likely to manage larger CWS (mean population served equaled 42,000 versus 3,800) than non-users. Lastly, there was some evidence that these water managers were more likely to engage in planning and had higher technical capacity (e.g., use models for daily operation and for long-term planning) than non-users. Results are summarized in Table 2. 4.3 Beyond RISAs: uptake of climate information among water managers Survey data were re-examined to understand what drives climate change information (C2I) use among the broader population of water managers who do not use RISA information. The analysis revealed that 41 (7 %) used C2I from non-RISA sources. Factors associated with C2I use include being more likely to perceive some vulnerability to climate-related risks, to have experienced severe flooding, and to express concern about climate change impacts on water supplies. In addition, these water managers were more likely to use a greater number of information sources (1.6/1), collaborate more with universities, and serve on average a larger population (9,500 people vs. 3.500 people). However, water system size, was not significant when controlling for other variables in a multivariate analysis.
8 Results are summarized in Table 3 . 7 Results were derived from analysis of survey respondents (CWS managers, n=660, 25 %) to determine who among respondents used RISA information in water resources planning or decision making. Statistical analyses were conducted to determine what influenced information use among this group. 8 Comparing system size and information use across the three groups (clients, non-client RISA users, and C2I users) finds the system size of RISA clients are several orders of magnitude larger than non-client RISA users. In turn, the system size of non-client RISA users are on average four times the size of C2I users who themselves are on average over twice the size of non-users.
Proximity to and interaction with the RISA were not important factors. On the other hand, water managers that embraced planning and whose customers asked them to consider climate change in managing water resources (Cramer's V=0.498, p<.001) were more likely to use C2I. 
Discussion
Sustained boundary work, information use and innovation
The production of usable information and resulting high rates of use among clients critically depends on sustained interaction and boundary work. For example, ongoing interaction enables more efficient climate information provision, helps develop client relationships, and shapes RISA research agendas. For scientists, boundary work helps them better understand client information needs, how to translate information into more usable forms, and how to tailor information appropriately. For clients, boundary work provides the opportunity to better understand the type of data and information scientists can produce and how that data and information might be useful in their decision contexts. Moreover, it helps clients gain a better understanding of where uncertainties arise in the information production process, the accuracy and reliability of the information, and ultimately the limits of or appropriate use for that information in decision-making. This deeper and more nuanced understanding of the science by water managers and of the policy and decision-making context by scientists suggests that boundary work in the context of IRM plays a critical role in producing usable information especially when the information and decision context are complex and uncertain.
Beyond usable information, sustained boundary work contributes to innovation across the producer-user interface. For example, through these partnerships, water managers innovate by building capabilities within their organizations to use climate information and to advance policy and management in ways that would not be possible without interaction with scientists. For their part, scientists innovate by incorporating information about water manager decision needs and contexts enabling them to apply climate science in novel ways. For example, with water manager input, scientists develop and tailor forecasts to take into account shifts in power pricing. This tailoring helps water managers adjust their reservoir operations to better optimize power production. This innovative forecast use arose through ongoing producer-user interactions and built upon prior success with forecasts used to balance reservoir releases for salmon restoration, flood control, and public water supply needs.
However, while sustaining interaction/boundary work is critical to information use, it is costly. These ongoing relationships require commitment and capacity (meaning the time, resources, and organizational support to invest in co-producing information) on both sides of the scientist-client interface. For scientists and clients alike, it means ongoing commitment of substantial resources (human, financial, and technical) to sustain the iterative process required for tailoring of information to specific decision contexts. For clients, it also includes building capabilities within their organization to foster enhanced use of co-produced information. When commitment or capacity wanes on either side of the interface, co-production breakdowns emerge.
Deriving common denominators for climate information use
Drawing insights across all water managers using climate information from any source (RISA generated or from other sources), finds three common elements motivate use: perceived vulnerability of water supplies to climate-related risks, information seeking behavior, and collaboration. The first element, perceived vulnerability of water supplies, confirms our long-held understanding that water managers, keenly aware of resource vulnerability, manage that vulnerability to ensure water supplies are reliable (Rayner et al. 2005) . What is different and what this data make clear is that water managers are active information seekers and willing collaborators; they gather and employ climate information as a strategy to manage risk and inform decision-making. For clients in particular, seeking information and developing multiple collaborative relationships helps these water managers assemble a portfolio of information to manage 1) the uncertainty embedded in the information (climate and other information) and 2) the uncertainties and complexities of their specific decision context.
The RISA difference
What sets RISA climate information users apart is their capacity to sustain client-scientist interactions and in so doing benefit from those interactions over time. In this context, capacity encompasses two CWS characteristics: serving a larger population and being located closer to the RISA. Managing larger CWS is important because water managers at larger CWS have more human, financial, and technical resources to invest in co-producing information (clients) and in bringing novel information to bear in planning and decisionmaking (both clients and non-clients). Being located closer to the RISA is important logistically. Being closer makes the communication and exchange foundational to IRM that much easier.
While capacity enables ongoing interaction necessary for co-producing usable information, without water managers' willingness to engage in ongoing interactions, RISA partnerships would cease to exist. Therefore, in addition to capacity, water managers' motivation to seek information and collaborate for risk management encompass the enabling conditions essential for sustaining RISA partnerships critical to use.
Of lesser importance for RISA information use are influence-type factors that affect water manager behaviors and perceptions such as exposure to new ideas and techniques, public (i.e., water customers) pressure encouraging water managers to take certain actions, and policy mandates that require short-and long-term planning. On the one hand, exposure to new ideas helped clients better understand the accuracy and reliability of the information (shift perceptions of information accuracy and reliability) which improved usability. On the other hand, public pressure to respond to climate impacts had no significant effect and planning mandates had mixed influence on RISA information use. For example, while state laws do mandate planning (though planning requirements differ between states) and RISA information users are more likely to plan than non-users, as a predictor, planning is less important relative to interaction, capacity, and willingness (risk perception, collaboration and information seeking behavior). However, since planning laws do not require consideration of climate change, to the extent clients use climate change information in planning, that use appears to be independent of the influence of policy mandates.
The limited role of influence on RISA information use is likely because water managers using this information are among the most proactive, sophisticated managers in the business. These innovators are leading water management in new directions by integrating climate information into to their decision practices. Moreover, they are engaging in planning and incorporating climate information as part of a broader, long-term risk management strategy.
The role of influence in climate change information (C2I) use among CWS managers
While influence matters less among RISA users, for the broader population of water managers who use C2I from other sources, influence plays a more prominent role. First, data show a significant relationship between C2I use and the presence of a customer population that asks water managers to consider climate change impacts in long-term planning or management activities. In this way, and differently from RISA users, CWS customers appear to influence water managers' information use. Second, data show planning or having a long-term, proactive approach to water management promotes C2I use. State planning mandates appear to influence this long-term view among the broader population of water managers compared to RISA clients. Unlike RISA information users, planning remains a significant predictor of C2I use when controlling for other variables.
Finally, unlike RISA information users, for C2I users, capacity is not a necessary condition of use. Neither proximity to RISAs nor CWS size was an important predictor of C2I use. System size was correlated with C2I use but lost significance when controlling for other variables. Thus, though capacity matters, it is not simply higher capacity that explains C2I use among the broader population. Instead, for these water managers, a combination of external influences and individual water manager motivation (information seeking behavior, collaboration, and risk perception) explains use.
Identifying and overcoming the limits of IRM
Discovering the factors that explain RISA information use and how water managers employ this information to manage climate-related risks suggests increasing RISA information use could critically benefit other CWS. However, expanding RISA information uptake may be difficult. As the data show, IRM succeeds in serving a subset of motivated water managers from CWS with high capacity. However, the model fails to serve the broader information needs of smaller systems, systems located further away, and those less willing or able to use climate information.
Overcoming the obstacles that constrain more widespread diffusion of RISA information may not be easy. For example, infusing technical and financial resources into CWS and developing their human capital is a slow process and in the end there may be developmental limits (e.g., amongst the smallest systems with volunteer staff and limited resources). Moreover, RISAs themselves have limited resources. Even as demand for RISA information increases, their ability to meet that demand is constrained by their relatively small staffing and budgets. Distance is similarly problematic. Despite the many advances in telecommunications, the data suggest person-toperson communication remains an important avenue for establishing and sustaining scientist-client relationships. This suggests IRM in its present incarnation might not be the appropriate approach for serving the diverse needs and capacities of the broader population of water managers.
To increase the diffusion of RISA information requires strategic adjustments to the IRM. Since interaction is critical to use but scientist and client resources are limited, one strategy is to leverage each interaction. These data suggest such leveraging could be accomplished by 1) tapping into information sources most water managers use routinely and 2) developing relationships with clients that are themselves knowledge brokers (e.g., rural water association directors, water science center staff, watershed organizations). Results show that water managers draw on 'traditional' information sources such as staff at federal, state, and local regulatory agencies and departments, professional associations, and consultants. Furthermore, water managers routinely seek information and guidance from their professional associations and other water-focused organizations. Tapping into these traditional information sources or cultivating relationships with knowledge brokers through associations or other water-focused research organizations could be avenues for broader diffusion and uptake of climate information.
Data support a second adjustment to IRM which is to create research consortia rather than using a single research institution approach. Consortia offer a means to overcome the distance barrier by having multiple research centers distributed across a region rather than larger efforts consolidated at a single location. Newly funded RISAs are increasingly designed as consortia which may help mitigate the proximity challenge identified in this study. Finally, RISAs might increase climate information use if they invest more in education and outreach efforts. Exposing water managers to new ideas, information, and techniques positively influences use.
Conclusion
This paper critically expands our understanding of water managers' information use and the effectiveness of IRMs by quantitatively measuring usability across different contexts in two US regions, the PNW and the SW. Results show the IRM employed by the RISAs is effective in three important ways: first, in co-producing usable information and achieving high rates of use by RISA-clients; second, overcoming barriers to information use arising from negative perceptions about climate information (e.g., information not salient, too uncertain, or not reliable) and positively influencing water managers' understanding of climate information salience; and, finally, in enabling innovation across the science-policy interface that would not be possible without scientist-client interactions.
RISA information use is contingent on sustained scientist-client interaction and boundary work. For water managers, ongoing scientist-client interactions are enabled by two conditions: water manager willingness to sustain RISA partnerships (information seeking behavior and collaboration to manage risk) and their capacity to do so (serving larger populations and proximity to the RISA). So, while the RISAs achieve high rates of information use among their clients and some use among the broader population, they primarily reach the largest, most capable users in these regions.
Findings suggest three ways to increase the use of RISA information among the broader population: first, capitalizing on existing knowledge networks by tapping into information sources most water managers use routinely (e.g., staff at federal, state, and local regulatory agencies and water-related professional associations) and developing relationships with clients that are themselves knowledge brokers (e.g., staff at watershed councils, rural water association directors); second, creating distributed, research consortia rather than using a single research institution, and finally, increasing education and outreach efforts to expose more water managers to new ideas, information, and management techniques. While these findings are derived from the study of two RISAs each with their own regional focus and unique, place-based approaches, the suggested strategies are likely transferable to other IRM contexts (e.g., other RISAs-see for example Brueur et al. 2010 , or other boundary organizations).
However, given that the vast majority of water managers do not use RISA information nor employ climate information in decision making, suggests that to narrow the usability gap there is a need for alternative climate information diffusion models (for additional discussion see Lemos et al. 2012) . This recognizes that expanding the RISA model, as successful as it is, might yet fail to reach portions of the broader population of water managers less receptive to the research community and for whom alternative approaches (e.g., engaging through traditional information providers) might be more effective.
Recognizing water resources are at risk motivates water managers who use climate information regardless of the source (RISA/non-RISA sources). Rather than act as passive information consumers, the water managers in these two regions actively seek information and engage with the research community, as a strategy to manage risk. Clients go a step further in assembling a portfolio of information and multiple collaborations as part of sophisticated risk management strategies. In light of these findings, researchers might need to rethink the notion that water managers' conservatism and risk aversion inhibits their use of new information (Callahan et al. 1999; Glantz 1982; Rayner et al. 2005) . A notable caveat here is that water managers in other regions where water supplies are less stressed may in turn be less motivated by risk.
Finally, a commitment to long-term planning is an important factor associated with use of RISA information and climate information from other sources. This suggests that independent of interactive research efforts, programs or policies that support long-term planning efforts or build capabilities for planning might lead to more widespread use of climate information and ultimately enhance the resilience of water systems (see for example California's efforts to address climate change in water planning available at www. water.ca.gov/climatechange). This is an area where additional research could explore the relationship between planning (i.e., mandates or other policy incentives or efforts that promote or build capabilities for long-term planning), climate information use, and resilience in greater detail.
Lastly, an important factor driving information uptake from other sources (other than the RISAs) is a customer base that asks water managers to consider climate change impacts. While the data does not permit an evaluation of public climate literacy and water managers' information use, results do support the need for additional investigation to further explore this connection. Results from this future work might inform whether RISA or other IRM efforts should consider having a stronger public education component as part of their programs. This may also determine whether climate literacy plays a significant role in motivating water managers' use of climate information more broadly or in water managers' efforts to build more resilient water supplies.
Future work is also needed to explore the role of proximity and system size in limiting RISA information uptake. Specifically, there is a need to examine the relative influence of CWS capacity with respect to different RISA communication techniques and organizational structures. This might entail exploring proximity in the context of different RISAs such as the Alaska RISA, which relies more on telecommunications, or the Southeastern Climate Consortium, which uses multiple university partners to serve the southeast region. By comparing information use and the relative influence of capacity between RISAs with different organizational structures and communication approaches, we may discover approaches that perform better or overcome observed limitations in IRM.
